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TMFAbstract Out of phase (OP) thermal mechanical fatigue (TMF) behavior of a directionally solid-
iﬁed (DS) superalloy DZ125 was experimentally and numerically studied. Two different tempera-
ture conditions, which are 500–1000 C and 400–900 C, were considered in the present research.
Stress and strain responses as well as fatigue life results were presented and discussed. Scanning elec-
tron microscope (SEM) and metallographic analysis were used to study the damage mechanism. An
oxidation assisted crack initiation and propagation phenomenon were found to explain the shorted
life under TMF cycles. In order to characterize the stress and strain deformations under TMF load-
ings, a modiﬁed Chaboche’s constitutive model was applied. Additionally, the TMF life of the
material was modeled and predicted by Neu–Sehitoglu damage law with high accuracy.
 2015 The Authors. Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
With the gas turbine entry temperature (TET) reaching to a
level of 1600 K–1900 K, highly cooled turbine blades are
widely applied in the high pressure turbine sections of modern
military and commercial aircraft engines. Due to engines
start-up and shut-down, these components undergo extremely
complex TMF loadings in an aggressive oxide and corrosiongas environments.1 As a result of the non-uniform inlet gas
temperature distribution and the inner cooling air, steep tem-
perature gradients exist and tend to result in various TMF
cycles depending on the locations along the components, i.e.
turbine blades. Though different types of TMF cycles, i.e. IP
(In Phase), OP and counter clock diamond (CCD), may occur,
the OP TMF cycle is found to be the most damaging on the
leading and tail edges which are always coincided with the life
limited locations of the whole components. Hence, OP TMF
investigations for turbine blade superalloys received much
more attention.
Thermal mechanical fatigue ﬁrstly became a problem in the
early 1970s when hot section components were designed more
compact resulting in serious temperature gradients. The alloys
used for these components experienced complicated stress and
temperature histories. Compared to the traditional isothermal
Fig. 1 Size of test specimen.
258 X. Hu et al.fatigue (IF) at high temperatures, the cyclic responses, fatigue
life distributions, and damage mechanisms under TMF load-
ings are different and more complicated. Classical studies on
TMF were conducted by Neu and Sehitoglu2,3 who extensively
investigated the damage mechanism and life modeling of the
1070 steel alloy. Three different damages, i.e. fatigue, oxida-
tion and creep, were modeled for the life prediction. One con-
tribution of their research was the proposal of the oxidation
damage function which was based on the repeated microrup-
ture process of oxides observed from microscopic measure-
ments. This oxidation damage function covers a wide range
of TMF conditions, i.e. temperature–strain phase effect, strain
range and rate, microstructure of oxide and oxidation kinetics.
Though the method was developed from a steel alloy, it was
found to be suitable for nickel base superalloys, i.e.
Mar-M247.4
In the past thirty years, most of the investigations on TMF
were concerning deformation and life behavior5, constitutive
modeling6, damage mechanism7,8, life modeling7,9–12 and
experimental technology development.13 Temperature and
strain phases, cycling shapes14, specimen shapes and coat-
ing15–17 were well considered. More recent investigations on
these subjects were conducted by a group at Georgia Institute
of Technology.18,19 Some of the important conclusions are
listed as follows:
(1) For most of the superalloys, including polycrystalline,
DS and single crystal (SC) superalloys, TMF life is
shorter than IF life, even if the compared IF tests were
performed at the maximum temperature of the TMF
cycle.
(2) Due the temperature dependent modulus and yield
properties of these alloys, the constitutive modeling is
very complex for its application in hot components,
especially when the rate dependent, anisothermal, and
anisotropic behaviors are simultaneously considered.
(3) Under TMF loadings, the damage mechanism is much
more severe than traditional IF loadings. Fatigue, creep
and environment interactions make the failure mecha-
nism complicated. Furthermore, OP TMF cycling is
found to be more severe than other types of TMF load-
ings, especially at long life stage. What’s more, this type
of fatigue loading is similar to the most severe loadings
experienced on the real components.
(4) The coating can play a very important role on the dam-
age mechanism. Due to a ductile to brittle transition (i.e.
around 700 C) of the deposited coatings, an early
cracking usually occurs on the coated specimen, reduc-
ing TMF lives compared to uncoated specimens.
As the temperature distributions of real components vary at
different locations, the effect of temperature ranges on TMF
behavior may be very important for the design process. In
the present study, out of phase thermal mechanical fatigue
behavior was experimentally and numerically studied consider-
ing the temperature effects. The arrangement of the present
work are as follows: in Section 2, the experimental procedure
is demonstrated; the test results, including stress/strain
response, fatigue life and damage mechanism are discussed in
Section 3, then in Section 4, a modiﬁed Chaboche’s constitu-
tive model is used to characterize the stress and strain
responses under TMF loadings; and in Section 5, the OPTMF life of this material is predicted using Neu–Sehitoglu
model; ﬁnally, the conclusions are given out in Section 6.
2. Material, specimen and experiment procedure
DZ125 is a DS Ni-based superalloy used for gas turbine blades
and vanes. The nominal chemical composition of the material
in weight percent ratio can be found in previous work.20 The
microstructure of DZ125 DS superalloy mainly contains c/c0
two phases. The size of c0 phase is between approximately
0.4–1.5 lm, and the average size of ﬁne c0 phase in the dendrite
regions is about 0.4 lm. The volume fraction of c0 phase is
about 65%. The alloy is provided in form of cylinders with
the longitudinal direction being parallel to the longitudinal
crystal orientation. The maximum angular deviation from
the crystal direction is limited to 5. Cylindrical specimens with
a diameter of 6 mm and a gauge length of 22 mm were
machined. The detailed size of the specimen is described in
Fig. 1.
All OP TMF tests were carried out on an Instron fatigue
testing facility shown in Fig. 2. The specimens were heated
through a copper coil and cooled by the compressed air. Three
type K thermocouples were welded on the surface of the test
specimens presented in Fig. 2. One thermocouple used to con-
trol the temperature was welded on the middle of the gauge
section, and the other two were symmetrically welded approx-
imately 10 mm away from the middle one to monitor the tem-
perature gradient along the gage of the test specimens.
Through a PID controller, the heating and cooling rate was
controlled at 10 C/s. The typical measured temperatures in
the middle section of the specimen are shown in Fig. 3. For
400–900 C TMF cycling, the measured minimum and maxi-
mum temperatures are 379 C and 911 C, and for TMF
cycling, the measured minimum and maximum temperatures
are 489.3 C and 1000.3 C. Though the accuracy does not sat-
isfy ASTM E 2368-4, in which the maximum temperature is
restricted within 2 C, it is accurate enough for the present
work since the two temperature conditions being studied are
signiﬁcantly different, and one aim of this work is to compare
the results of the two cycles. Additionally, the measured tem-
perature difference between the middle and top/bottom ther-
mocouples were controlled within 20 C.
In the present study, two temperature conditions, ranging
from 400 C to 900 C and 500 C to 1000 C, were tested.
The OP TMF loading is presented in Fig. 4. All of the fatigue
tests were performed at strain ratio of 1 under different
mechanical strain ranges. The total strain was measured by a
high temperature extensometer. To control the mechanical
strain, the thermal strain was measured before the test and
compensated to the total strain. Therefore, the mechanical
strain was indirectly controlled by the high temperature
Fig. 2 Instron fatigue test facility and specimen. Fig. 4 OP TMF loading applied in this study.
Fig. 5 Stress and mechanical strain response of DZ125 subjected
to OP TMF.
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deﬁned as fatigue lives.
3. Experimental results
3.1. Stress/strain response
Fig. 5 shows the typical stress–mechanical strain hysteresis
loops for the ﬁrst cycle of the OP tests conducted. The applied
strain amplitudes were the same at two different temperature
conditions. The test responses showed limited cyclic plasticity
as a result of the high strength of this alloy. Since the Young’s
modulus is temperature dependent, the slope of the stress–
strain curve in the elastic range is different between test condi-
tions. Hence, it is very important to capture this phenomenon
for the constitutive modeling of this material. Additionally, as
yield strength is lower at higher temperature, the mean stress
under OP TMF loading is positive. Furthermore, higher tem-
perature ranges, i.e. 500–1000 C OP TMF, will cause larger
mean stresses. For example, at the same strain range of
0.8%, the mean stress is 80 MPa at 500–1000 C OP TMF,
but it is only 55 MPa for 400–900 C OP TMF. Some research-
ers indicated that the mean stress is an important factor inﬂu-
encing the TMF lives.9 This may be one of the reasons that
higher temperature ranges always result in shorter lives. It
should be noted that the maximum compressive strain does
not correspond to the maximum compressive stress for
500–1000 C condition, which indicates that creep and stressFig. 3 Measured temperature in fatigue test for 400–900 C and
500–1000 C OP TMF loadings.relaxation may take place during the high temperature half
cycles. However, the lower temperature test appears to have
maximum compressive stress occurring simultaneously with
the maximum compressive strain.
The hardening effect of stress range as a function of fatigue
cycle is presented in Fig. 6. The strain range (De) for the two
conditions is 0.8%. The results reveal that hardening mainly
occurs at the ﬁrst 50 cycles and the stress ranges become steady
for the remainder of the fatigue life. This is typical for super-
alloys under OP TMF cycles. The same phenomena could be
found in the research of other DS superalloys, i.e. CM247LC
DS21
3.2. Fatigue life
All of the test results as well as others taken from material
handbook22 are described in Fig. 7. The strain–life curve in
the present study coincides with the previous results in the
handbook. Obviously, TMF lives are shorter than the
isothermal fatigue lives at the maximum temperature for both
of the two different test conditions. Because the fatigue lives
under 400–900 C TMF are almost the same with that of
980 C IF lives, it can be deduced that lives for 400–900 C
OP TMF is also shorter than to 900 C IF lives. This indicates
that the damage mechanism under TMF loadings is more sev-
ere than IF cycles for both of the two tested temperature con-
ditions. Additional damage mechanism can have a great
impact on this complex loadings. Other studies on superalloys,
i.e. CM247LC21, GTD-11123, Inconel 71812, support the same
Fig. 6 Stress range evolution of DS DZ125 at De= 0.8%.
260 X. Hu et al.phenomenon. The explanation may be a result of fatigue and
environment interaction activated in the presence of non-
isothermal cycling. As it is shown in Fig. 7, the temperature
has a strongly reduced knockdown effect on cycles to fatigue.
When the maximum and minimum temperatures of the TMF
cycles raise 100 C, fatigue life is shortened by a factor of 2 to 3.
3.3. Fractographic and microstructural investigations
Scanning electron microscope and metallographic observa-
tions of the fractured specimens were conducted to investigate
the failure mechanism. The micromechanism for two different
temperature conditions with the same mechanical strain range
of 0.8% are demonstrated in Fig. 8. The fatigue and fracture
zone on the fractography can be clearly differentiated through
macroscopic observations. Under high magniﬁcation, no
signiﬁcant fatigue striations were observed for specimens
subjected to 500–1000 C TMF cycles which is shown in
Fig. 8(a). However, the conditions is different with clear
striation for 400–900 C TMF cycled specimens shown in
Fig. 8(b). In Kupkovits’ study21, the fatigue striations were
also not observed for both OP and IP fracture surfaces of
DS CM247LC superalloy performed under the temperatures
cycling from 500 C to 950 C. This may be due to high tem-
perature oxidations, where at lower temperatures, the oxide
at the fracture is not so signiﬁcant within several tens of hours.
Additionally, the multiply cracks tended to nucleate at the
surface, which determines that it is a surface controlled failureFig. 7 Mechanical strain range versus fatigue life subjected to
different TMF and IF cycles.procedure, and the crack initiation mechanism should be focus
on the surface regions.
Fig. 9 shows the external cylindrical surfaces of the failed
specimens under high magniﬁcations. The arrows indicate
the micro-cracks at the oxides. At higher temperature condi-
tion of 500–1000 C, more numerous crack initiation sites were
observed, evidence of increased environmentally assisted dam-
age. This is also found in DS GTD-11123 which was performed
under isothermal conditions comparing the results at 871 C
with 982 C. Most of the initiated cracks initiated at oxidized
spikes. When the temperature goes from maximum tempera-
ture to minimum temperature, the formed oxides experience
a brittle–ductile transition temperature. Under OP TMF load-
ings, tensile stresses are applied on this brittle oxide particles,
making it easier form microcrack initiations, then the oxide
spikes are formed. Since the chemical compositions of the sur-
face (i.e. Al2O3) and subsurface (i.e. c0 depleted zone) are chan-
ged, the microstructures of the superalloy in these areas are
weakened and crack initiations are further promoted. As a
result of this repeated microrupture process of the oxidation,
the cracks are eventually initiated.
An interesting phenomenon is found that the oxidation
spikes are larger under 400–900 C OP TMF loading
(approximately between 10–20 lm) comparing to 500–
1000 C condition (less than 5 lm). It appears that critical size
of the oxidation spike exists for each test conditions. At higher
temperatures, this critical size is smaller compared to lower
temperature conditions. At lower temperature range, environ-
ment and fatigue interaction is weaker, leaving more time for
the oxides growing. On the other hand, at higher temperatures,
cracking in the oxides make the oxygen diffuse into the inner
matrix easier. This can be also treated as a result of the crack-
ing mechanism under OP TMF. The cracking in the oxide
spikes is controlled by the combination of temperature and
mechanical loading. The oxidation and fatigue interaction of
this alloy should be carefully considered for the life modeling
and its’ application in turbine blades.
Additional information on crack initiation could also be
obtained by the evaluation of short crack in longitudinal sec-
tions of the failed specimens. Metallographic analysis results
are represented in Fig. 10, which shows the microstructures
of the specimens tested under two temperature conditions.
The results reveal that the crack density is higher for the higher
temperature case corresponding to the previous surface exam-
inations. All of the cracks initiate at the locations with sever
oxide spikes. Along the crack path, the oxidation accumulates.
However, the depth of the oxide becomes steady approxi-
mately 100 lm behind the crack tip. Along the path of the
crack excepted for the crack tip, the stresses are 0 MPa, thus
it was a pure cyclic oxidation procedure. This pure oxidation
process can be supposed by a sub-parabolic growth rule. Since
the experiment time was only several tens of hours, i.e. 2345
cycles corresponding to 65 h, the thickness of the oxidation
is limited by the test time. It should be noted that the oxidation
of the free surface along the crack path as well as the crack tip
can be more accurately characterized by performing the cyclic
oxidation tests.
Fig. 10(b) also indicates the oxygen diffuses along both the
grain boundary and interdendritic areas where the diffusion is
easier. The interdendritic areas were weakened by the oxida-
tion process, and then the secondary cracks formed at these
regions. Hence, the multiple cracking mechanism at the crack
Fig. 8 Fracture surface of the failed specimens.
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However, when the cracks are long enough, the cracking will
be dominated by the mechanical loading, controlled by the
stress intensity factor at the crack tip. In a microscopic scale,
the cracking tends to propagate along with the interdendritic
areas, which is more perpendicular to the loading direction.
4. Constitutive modeling
For DS and SC superalloys, the macroscopic stress/strain
response is anisotropic due to their respective microstructures.
Constitutive modeling of these materials considering both
anisothermal conditions and material anisotropy is a challenge
to the engineering application. Up to now, a variety of consti-
tutive models based on elastic viscoplasticity and crystal plas-
ticity theory have been proposed and developed24–27 For the
high temperature superalloy application, some sophisticated
constitutive models were developed by Manonukul et al.28,
Mcke and Bernhardi29, Becker and Hackenberg30 and Shenoy
et al.6 The cyclic plasticity and creep behaviors of high temper-
ature superalloys were well characterized by these contribu-
tors. In this section, a modiﬁed Chaboche’s viscoplastic
model is applied to simulate the TMF stress–strain responses
of DS DZ125.
4.1. Modified Chaboche’s constitutive model
A viscoplastic potential is adopted here using the same form as
Chaboche’s model,W ¼ K
nþ 1
F
K
 nþ1
ð1Þ
where the symbol hi is Heaviside function, deﬁned as
hui= u if u> 0 and hui ¼ 0 if u 6 0. K and n are temperature
dependent material constants. The physical meaning
of K is drag stress. F refers to yield function, which is expressed
as:
F ¼ J ðs0ij  X0ijÞ  RðpÞ  k0 ð2Þ
Here, s0ij and X
0
ij are deviatoric components of effective stress
and back stress tensors, respectively. The effective stress (r)
is in the expression of stress (rij) coupling creep damage (D),
and it is deﬁned as: rij ¼ rij1D. Parameter R(p) is isotropic hard-
ening term depending on the plastic strain, and k0 is tempera-
ture dependent material constant, representing the initial yield
stress.
The second deviatoric stress tensor invariant, J, is in the
form of modiﬁed von Mises type, which is:
J s0ij  X0ij
 
¼ 3
2
s0ij  X0ij
 
Mijkl s
0
ij  X0ij
  1=2
ð3Þ
Here, Mijkl is a fourth-order tensor considering the yield sur-
face anisotropy, which is used to describe the anisotropic char-
acterization of the DS superalloy. The detailed derivation ofM
can be referred to our previous work.20 Therefore, the
modiﬁed inelastic strain rate is then obtained from Drucker’s
normality hypothesis and can be written as the following
expression:
Fig. 9 Surface oxidation and crack initiation.
Fig. 10 Metallographic observations of cracking initiation from longitudinal section of the failed specimen.
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@W
@r
¼ _p @F
@r
¼ 3
2

J s0ij  Xij
 
 R k0
K
* +n
Mijkl ðsij  X
0
ijÞ
J ðs0ij  X0ijÞ
 1
1D ð4Þ
where R is isotropic hardening. _p is the accumulated inelastic
strain rate, and its expression as:
_p ¼ F
K
 n
ð5Þ
The Ohno–Wang modiﬁcation is applied in the evolution
equation for the back stress describing non-linear kinematic
hardening:
Xij ¼
Xn
k¼1
X
ðkÞ
ij k ¼ 1; 2 ð6Þ
and
_X
ðkÞ
ij ¼
2
3
ckak _e
in
ij  ckUðpÞ
J X
ðkÞ
ij
 
ak=UðpÞ


mk
X
ðkÞ
ij _p
 bk J XðkÞij
  rk1XðkÞij þ 1Ck 
@Ck
@T
X
ðkÞ
ij
_T ð7Þ
where U(p) = Us + (1  Us)exp. Us and x are constitutive
parameters. Ck = ckak, ck, ak, bk, mk, rk are all material
parameters. _T is temperature rate. The ﬁrst item refers to
Prager’s linear hardening. The second item is dynamic
recovery which is known as Ohno–Wang modiﬁcation. The
third item is describing static recovery. The forth additional
item, 1
Ck
@Ck
@T
X
ðkÞ
ij
_T, was ﬁrst considered by Prager in the context
of linear kinematic hardening to consider the temperature rate
effect. It was also introduced in the uniﬁed viscoplastic consti-
tutive equations proposed by Chaboche.31 Walker32, Ohno
and Wang33 also discussed this subject. Ohno and Wang
pointed out that the hysteresis loops may shift unreasonably
in stress when this temperature rate term is absent in the linear
or nearly linear kinematic hardening.
The isotropic hardening evolution equation has the follow-
ing expression:
_R ¼ bðQ RÞ _pþ c Qr  Rj jm1ðQr  RÞ
þ 1
b
 @b
@T
þ 1
Q
 @Q
@T
	 

R _T ð8Þ
where b, Q, c and m are material parameters used to describe
deformation induced by isotropic hardening. Qr is asymptotic
value for the yield surface. The ﬁrst term in Eq. (8) is related to
the cyclic hardening or softening phenomenon. The second
term describes time dependent recovery effect. If the recovery
term is neglect, the isotropic hardening reaches steady state
when R approaches its asymptotic value. In the present
study, the second term is neglected because the cyclic
hardening of DZ125 seem to be steady in a few cycles, i.e. 20
cycles. The third term, 1
b
 @b
@T
þ 1
Q
 @Q
@T
 
R _T, suggested by
Benallal and Cheikh34, is added to consider temperature rate
effect. Frenz and the co-workers35 also veriﬁed its necessity
for the anisothermal conditions.
In order to model the tertiary creep deformation, one
effective way is introducing a damage equation into theeffective stress. Since only longitudinal orientation is con-
cerned in the present study, for simplicity, an isotropic damage
is selected. The Rabotnov–Kachanov law36 is approved for the
creep damage characterization.20,37 Such form of damage
characterizing the tertiary creep behavior can be coupled into
the effective stress in Chaboche’s model. The classical
Rabotnov–Kachanov damage evolution is expressed as31:
_D ¼ Jðr
0
ijÞ
pa
 pr
 ð1DÞpk ð9Þ
where r0ij is deviatoric components of effective stress, Jðr0ijÞ
refers to the second invariant of the effective stress. pa, pr
and pk are three material parameters determined by the exper-
imental creep deformation curves.
To sum up, there are a total of 28 material parameters in
the modiﬁed Chaboche model. In order to determine the
parameters, isothermal tensile, fatigue and creep tests are nec-
essary. Since one purpose of the present research is to predict
TMF stress and strain responses, ﬁve groups of temperature-
dependent parameters, i.e. 20, 650, 760, 850, 980 C, were
determined through a Levenberg–Marquadt optimization
algorithm. The detailed parameter optimization procedure
were carried out according to the following three steps:
(1) Using monotonic stress and strain test results, M11, M33
andM55, K, n, k0, a1, a2, c1 and c2, are identiﬁed to char-
acterize the inelastic behavior of the material. In this
step, test results in longitudinal and transverse orienta-
tions should be included. Additionally, in both of orien-
tations, at least two curves at different loading rates
should also be contained.
(2) Using creep strain curves, r1, r2, b1, b2, pa, pr and pk are
identiﬁed to characterize both of steady and tertiary
stage creep deformation. In this step, at least one creep
curve should be included at each temperature. Since
creep is mainly occurred at high temperatures, creep
dependent parameters were obtained at 760, 850 and
980 C.
(3) m1, m2, Us, x are optimized using the isothermal fatigue
tests at Re= 1. Then, b and Q are optimized using the
isothermal fatigue tests at Re = 0.
4.2. Simulations under isothermal fatigue and creep loadings
In order to simulate the stress/strain responses under different
loading conditions, the modiﬁed Chaboche’s model is imple-
mented as an ABAQUS user material (UMAT) subroutine.
The isothermal monotonic, isothermal fatigue and creep
response simulations at 850 C are demonstrated in Figs. 11–
14. As it can be seen in Figs. 11 and 12, the rate dependence
in the longitudinal orientation is characterized by Chaboche’s
constitutive model. Due to the induction of anisotropic mate-
rial tensor, stress and strain responses in longitudinal and
transverse orientations are both well simulated, thus
material anisotropy is well modeled by the modiﬁed
Chaboche’s model. Cyclic viscoplastic simulations are
demonstrated in Fig. 13. The results reveal that the anisotropy
hardening is poor characterized. The main reason is that there
was no anisotropy modiﬁcation in isotropic hardening term
in Eq. (8).
Fig. 11 Experimental and simulated uniaxial tensile stress/strain
responses of DZ125 superalloy in longitudinal (L) and transverse
(T) orientations at 850 C.
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the parameters (i.e. pa, pr and pk) which are related to creep
damage should be determined. In the present, the creep defor-
mation curves under 430 MPa and 520 MPa were used. The
simulations and predictions were demonstrated in Fig. 14. It
is appreciated that the present constitutive model can predicted
creep curves at 511, 480, 460 MPa very well. However, as the
Kachanov damage is coupled, the model is extended to obtain
the ability of modeling the tertiary creep deformation. This is
especially important at the higher temperature under relative
low stress where the tertiary creep mechanism dominates the
failure.
4.3. Predictions under TMF loadings
The predicted and experimental OP TMF hysteresis loop of
DZ125 is presented in Fig. 15. Since the material data at differ-
ent temperatures is gained from the baseline isothermal tests, a
Calmat subroutine is employed to linearly interpolate the
model parameters at the non-experimental temperatures. The
stress asymmetry is well modeled. However, there are some
errors at high temperature half cycles. There are three main
reasons. Firstly, due to the absence of isothermal test atFig. 12 Stress/strain response in the longitudinal and transverse dir1000 C, maximum temperature of the baseline isothermal
tests is 980 C, which is 20 C lower than the upper tempera-
ture of the predicted cycle, so the parameter extrapolation will
bring in some errors. Secondly, limited by the controlled tem-
perature rate of the test setup, i.e. 10 C/s, the TMF test was
performed at the relative low strain rate (i.e. 2  104 s1 when
the strain range was 0.01), which was not covered by the
isothermal baseline test conditions. This maybe another factor
inﬂuencing the accuracy. Additionally, because the tempera-
ture accuracy of the TMF tests was only controlled within
10 C, the measured stress and strain responses may have
errors. It should be noted that since TMF test data were not
used for the parameter ﬁtting, this agreeable simulation can
be a result of the strong predictable ability of Chaboche’s vis-
coplastic model.
5. TMF life prediction
The damage of fatigue failures under complex cyclic loadings
at high temperature always exists as a combination of fatigue,
creep and environment damage. It is a feasible way to separate
damage involved from complex loadings into several simple
damages such as fatigue, creep and environment damage.
And the total damage will be summarized by linear accumula-
tion of each of the simple damages, which can be written in the
following expression3,
Dtotal ¼ Dfatigue þDcreep þDenv ð10Þ
Here, Dtotal, Dfatigue, Dcreep and Denv are total damage and
damage due to fatigue, creep and oxidation, respectively.
According to linear cumulative assumption, the fatigue dam-
age can be expressed as the reciprocal of fatigue life:
Dfatigue ¼ 1=Nfatigue ð11Þ
Here, Nfatigue is pure fatigue life which is based on a strain–life
relationship:
Demech ¼ cðNfatigueÞd ð12Þ
where c and d are pre-factor and exponential term. It should be
noted that these two parameter must be ﬁt to lower tempera-
ture fatigue data where creep effect as well as oxidation effectection under fatigue loadings at 850 C with strain ratio R= 1.
Fig. 13 Experimental and simulated stress ranges versus cycles
under strain range of 1.6% (R= 1, 850 C).
Fig. 15 Stress–strain response for DZ125 DS superalloy under
400–900 C and 500–1000 C OP TMF.
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data were chosen. The ﬁtted results are described in Fig. 16.
Since only OP TMF is discussed, the creep damage could be
neglected as the tensile stresses always cycle at lower tempera-
tures typically below 750 C. According to Neu–Sehitoglu
model, the oxidation damage is expressed as3,
Denv ¼ hcrdo
BUenv Kenvpeff þ Kc
0
peff
 
2
4
3
5
1=b
2 Demechð Þðb=bÞþ1
_e1a=b
ð13Þ
where Demech and _e are mechanical strain range and mechanical
strain rate, respectively. hcr is a critical length where oxidation
attack trails behind crack growth. do is a measurement of oxide
plus c0 depleted zone ductility. B is a material coefﬁcient. b and
b is the time related mechanical strain range exponent. a rep-
resents the thermal strain rate sensitivity exponent. Kenvpeff and
Kc
0
peff are effective parabolic constants for oxidation and c
0
depletion, respectively. Uenv is phasing factor which can be
written as,
Uenv ¼ 1
tc
Z tc
0
/envdt ð14ÞFig. 14 Experimental and simulated creep strain in longitudinal
direction of DZ125 DS superalloy at 850 C.where /env is deﬁned as a function of the ratio of thermal and
mechanical strain rates,
/env ¼ exp  1
2
_eth=_emech þ 1ð Þ
nox
	 
2" #
ð15Þ
Here eth is thermal strain and n
ox is material constants. The
oxidation and c0 depletion terms in the environment damage
equation are deﬁned as,
Kenvpeff ¼
1
tc
Z tc
0
Dox exp
Qox
RTðtÞ
	 
 
dt ð16Þ
and
Kc
0
peff ¼
1
tc
Z tc
0
Dc0 exp
Qc0
RTðtÞ
	 

dt
 
dt ð17Þ
The terms Dox and Qox are oxidation diffusion coefﬁcient
and activation energy, while Dc0 and Qc0 are c0 diffusion coefﬁ-
cient and activation energy, respectively. Since the parameters
hcr, do, and b in Eq. (13) are constants, an effective parameter
Beff can be deﬁned as:
Beff ¼ hcrdo
B
	 
1=b
ð18ÞFig. 16 Isothermal fatigue life modeling at 760 C.
Table 1 Environment damage constants.4
Parameter a b b Dox (lm
2s) Qox (kJ/mol) Dc0 (lm2s) Qc0(kJ/mol) n Beﬀ
Value 0.75 5.4 1.5 15400 175.9 8570 163.3 0.44 5880000
Fig. 17 Comparison between predicted and test lives under
different TMF loadings.
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Denv ¼ Beff Uenv Kenvpeff þ Kc
0
peff
 h i1=b 2 Demechð Þðb=bÞþ1
_e1a=b
ð19Þ
Excepted for Beff and b, the environmental constants used
for DZ125 are those ﬁtted to the superalloy Mar-M247.4 Beff
and b are ﬁtted using 500–1000 C OP TMF test results of
DZ125 which are performed in the present research. All of
the constants are listed in Table 1.
The predictions are demonstrated in Fig. 17. Three differ-
ent temperature ranges are considered from present study
and literature. The results reveal that most of the lives are pre-
dicted by a factor of 2. Since the dominated damage is oxida-
tion, the Neu–Sehitoglu law has a reasonable characterization
for OP TMF damage. Though it was ﬁrst introduced from a
steel, the similar micro-rupture procedure made it suitable
for Nickel base superalloy after some modiﬁcation on the oxi-
dation damage parameters.
6. Conclusions
Thermal mechanical fatigue of a DS superalloy was experi-
mentally studied. The results reveal that the cyclic stresses
are asymmetric due to the temperature dependent modulus
and yield property at strain ratio of 1. The responses at the
high temperature half-cycle were affected by the temperature
more signiﬁcantly than the low temperature half-cycle. The
fatigue life results indicated that maximum and minimum tem-
perature drop have very strongly reduced knockdown effect on
fatigue lives. As the maximum and minimum temperature of
the TMF cycles raised 100 C, fatigue life is shortened nearly
by a factor of 2–3. Microstructure observations of the failed
specimens showed that higher temperature suffered more oxi-
dation damage with multiple crack initiations at the surfaces.
Almost all of the cracks initiated at the oxidation spikes.
More numerous crack initiation sites were observed under500–1000 C TMF loading than that of 400–900 C condition.
The difference of the TMF life results and critical size of the
oxidation spikes at two temperature ranges indicated that the
oxidation and fatigue interaction under higher temperatures
is much easier to occur. Fatigue crack growth path tended to
grow along the interdendritic areas. When the crack tip
encounters the dendrite arms, the oxygen diffuses along both
of the directions. The crack will propagate along two direc-
tions, but only one crack can propagate to form the main
crack, and it trended to propagate along the direction near
the transverse orientation of the specimen.
A modiﬁed Chaboche’s constitutive model is developed to
capture the stress–strain response in the longitudinal and
transverse orientations. Rate dependent plasticity, material
anisotropy and anisothermal affects are all captured. The tem-
perature effect on the TMF cycles is well modeled. Since most
of the simulations and predictions are reasonable, this model is
a useful way for the component level analysis considering com-
plex loading histories.
Finally, the TMF life modeling of DZ125 is realized using a
Neu–Sehitoglu damage equation. Though one group of test
data (i.e. 500–1000 C OP TMF) were used to ﬁt the material
constants, both of 400–900 C and 550–1000 C OP TMF are
reasonably predicted.
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